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Summary
The Ni-Mo Huangjiawan mine, Guizhou Province, People’s Republic of China, occurs
in Lower Cambrian black shale (stone coal) in an area where other mines have recently
extracted ore from the same horizon. Detailed electron microprobe (EMPA) and scan-
ning electron microscope (SEM) analyses of representative thin sections have revealed
a complex assemblage of sulfides and sulfarsenides. Early sulfidic and phosphatic
nodules and host matrix have been lithified, somewhat fractured, and then mineralized
with later-stage sulfides and sulfarsenides. Gersdorffite, millerite, polydymite, pyrite,
sphalerite, chalcopyrite, galena, and clausthalite have been recognized. EMPA data are
given for the major phases. Pyrite trace-element distributions and coeval Ni-,
As-sulfides indicate that in the main ore layer, the last sulfide deposition was Ni-As-
Co-rich. Mo and V deposition were early in the petrogenesis of these rocks. The
assemblages gersdorffite-millerite-polydymite (pyrite) and millerite-gersdorffite (pyrite)
and the composition of gersdorffite indicate a formation temperature of between 200
and 300 C suggesting that the last solutions to infiltrate and mineralize the samples
were related to hydrothermal processes.
Environmentally sensitive elements such as As, Cd, and Se are hosted by sulfides and
sulfarsenides and are the main source of these elements to residual soil. Crops grown on
them are enriched in these elements, and they may be hazardous for animal and human
consumption.
Introduction
Mineralization in shale has resulted in some of the largest ore deposits in the
geologic record especially Pb-Zn sedimentary-exhalative (SEDEX) (e.g., Red
Dog, Alaska; Slack et al., 2004) and stratiform Cu deposits (e.g., Zambia-Zaire
copper belt; Kirkham, 1989). Mo-Ni-platinum group elements (PGE)-rich Lower
Cambrian black shales in China were discovered relatively recently (Fan et al.,
1973; see Coveney, 2000 for an excellent summary of these and similar deposits)
and have been used as a resource for Mo and Ni. The Zunyi deposit (Fig. 1), mined
for Ni and Mo, is now exhausted. The currently operating Huangjiawan mine (Mao
et al., 2002; Fig. 1b) contains a similar Ni-Mo-rich layer with a strike length of
several km. Above and below this exceptionally metal-rich ore layer are additional
metal-bearing and organic carbon-rich black shales. These metal- and organic
carbon-rich (sapropelic–alginite) black shales are known in the Chinese literature
as ‘‘stone coals’’ and have been used as a local source of fuel for domestic and
small industrial applications. The use of these stone coals has presented a signifi-
cant environmental hazard for the rural communities which use stone coals as an
alternative fuel. Moreover, soils either derived from, or amended by, the ash from
these metal-rich rocks become contaminated as well as the crops raised on them.
We have studied a selection of representative samples from the new
Huangjaiwan mine including samples of the main ore layer and those stratigraphi-
cally below. These particular Lower Cambrian, exceptionally metal-rich black
shales have been noted to release significant quantities of hazardous elements into
their local ecosystems (Pasava et al., 2003; Vymazalova´ et al., 2004; Peng et al.,
2004). Pasava et al. (2003) and Vymazalova´ et al. (2004) studied the soils from the
surrounding farms in the Huangjiawan mine area and found enrichments of Mo, Ni,
Fig. 1. Location map of the Huangjiawan
mine area (star); Zunyi (square) is the nearest
large city (for a detailed map see Mao et al.,
2002)
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As, Cd, Zn, and Cu. We are especially interested to characterize the particular
mode of occurrence of the environmentally hazardous elements, especially Se,
As, Cd, and Hg as part of a more comprehensive study on black-shale environmen-
tal pollution in China (Luo et al., 1995, 2004; Belkin and Luo, 2005). This report
deals with the mineralogy and textures of the late-stage sulfides and sulfarsenides,
excluding the Mo-C-S mixed layer phases (Kao et al., 2001); subsequent papers
will address early nodular sulfide and phosphate compositions and other pollutants
such as F. Additionally, the identified sulfide and sulfarsenide assemblages and
their relationships have allowed us to put some constraints on the paragenesis
and formation temperature of the late-stage sulfide and sulfarsenide mineralization.
Geologic setting
The east to west striking Qinling-Dabie orogen (suture zone) in central China
separates the Sino-Korean craton (also called the North China Block) and the
Yangtze Craton (also called the South China Block) (Huang, 1992; Li et al., 1993;
Meng and Zhang, 2000). To the west, this belt connects with the Kunlun and Qilian
orogens. To the east, it appears to be truncated by the north–south striking Tan Lu
Fault. Black shales occur in Paleozoic units in both the North and South China
Blocks although their characteristics are profoundly different (Lin et al., 1985;
Belkin and Luo, 2005). The South China Block contains an abundance of metal-,
and organic carbon-rich (up to 25 wt.% C) black shales from just below the
Cambrian, in the Ediacaran (formerly Sinian), through the Paleozoic to the
Permian. Some of these black shales are extremely metal-rich (Fan et al., 1973;
Coveney and Chen, 1990; Coveney et al., 1993; Lott et al., 1999) and can be traced
along strike for hundreds of kilometers. Element enrichments, such as As, Mo, Ni,
Se, and V are common but a thin, persistent layer, in the Lower Cambrian contains
significant quantities of PGE and Au. Coveney and Chen (1990) described this
occurrence and remark that this new type of shale-hosted deposit may have impor-
tant implications for exploration in similar environments (e.g., Nick Property,
Yukon, Canada; Hulbert et al., 1992).
The petrogenesis of this metal-rich Lower Cambrian black shale has been
debated for more than 25 years since the initial description by Fan et al. (1973).
Murowchick et al. (1994) summarize some of the various proposed theories as
follows: overturn of a stratified ocean, bioaccumulation of certain metals (V, Mo,
Ag); extraterrestrial origins for the metals, especially PGE; replacement of nodular
(sulfur-free) phosphatites by later hydrothermal metal-, sulfur-bearing solutions;
and pyritic lag deposits. All these models fail to explain some essential features
observed in the metal-, organic carbon-rich Lower Cambrian black shales. On the
basis of extreme variations of 34S values and textures, Murowchick et al. (1994)
concluded that the Chinese Ni-Mo shales have a synsedimentary origin coupled
with local hydrothermal venting which provided metals leading to an ore consist-
ing of a mixture of phosphatic, siliceous, and sulfidic clasts in an intraformational
conglomerate.
Mao et al. (2002) presented a precise Re-Os study (cf. Horan et al., 1994) of the
Lower Cambrian black shales (Niutitang Formation) and concluded that the age
data (541 16 Ma) and geology only support a synsedimentary origin for the main
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polymetallic ore layer. This age has recently been confirmed, using Pb-Pb dating,
by Jiang et al. (2006). Sun et al. (2004) reported that He-Ar isotope systematics of
pyrite-hosted fluid inclusions from polymetallic deposits in Lower Cambrian black
shales from Guizhou and Hunan indicate petrogenesis from formational, basinal, or
sea waters but not mantle-, or magmatic-derived fluids. Recently, Wang et al. (2005)
presented a fluid inclusion study of quartz and carbonate minerals in the ore layers
of the Huangjiawan deposit. Two generations of fluids, NaClþH2O and CaCl2þ
NaClþH2O, were found with pressure uncorrected homogenization temperatures
that range from 100 to 286 C and are of moderate to high salinity. On the basis of
this study, Wang et al. (2005) postulated the existence of hot basinal brines, scav-
enging Mo, V, and PGE from the host rocks, ascending along faults, mixing with
sea water, and forming PGE-polymetallic deposits in the black shales.
Samples
A representative suite of samples from the Huangjiawan mine has been collected
by one of us (KL) as part of an extensive study of black shale-stone coal related
Fig. 2. Simplified stratigraphic
section showing sample locations
relative to the lithologies and for-
mations. The section also gives
thickness data but is not to scale
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environmental pollution in the South China Block. Figure 2 shows a summary of
the stratigraphy and lithology. For more detailed stratigraphic descriptions see
Steiner (2001), Steiner and Erdtmann (2001), and Steiner et al. (2001). Thin sec-
tions were prepared from samples with textures representative of the bulk sample.
Methods
Petrographic examination and preliminary mineral identification were done on
polished thin sections with a JEOL JSM-840 scanning electron microscope using
a LaB6 electron emitter equipped with a Princeton Gamma Tech energy-dispersive
X-ray spectrometer (EDS). Quantitative electron microprobe analyses of major and
minor elements were obtained in Reston, VA, with a JEOL JXA-8900 five spec-
trometer, fully automated electron microprobe using wavelength-dispersive X-ray
spectrometry. The samples were examined optically and by SEM back-scattered
electron imaging to define points for analysis. Analyses were made at 20 keV ac-
celerating voltage and 30 nA probe current, and counting times of 20 to 120 sec,
using a 2 or 5 mm diameter probe spot. Natural and synthetic sulfides were used
as reference materials. The analyses were corrected for electron beam=matrix ef-
fects, and instrumental drift and deadtime using a Phi-Rho-Z (CITZAF; Armstrong,
1995) scheme as supplied with the JEOL JXA-8900 electron microprobe. Relative
accuracy of the analyses, based upon comparison between measured and published
compositions of standard reference materials, is 1–2% for concentrations
>1 wt.% and 5–10% for concentrations <1 wt.%. Element detection limits
(wt.%) at the three sigma level were As (0.02), Cd (0.03), Co (0.01), Cu (0.02),
Fe (0.01), Hg (0.3), Mn (0.01), Mo (0.04), Ni (0.02), Pb (0.15), S (0.02), Sb (0.02),
Se (0.01), V (0.01), and Zn (0.03). An empirical correction was made for the Fe
K – Co K peak overlap.
Results
Sulfide and sulfarsenide petrography and mineralogy
Sulfide minerals are locally very abundant in some samples and in most cases they
are the primary source for environmentally hazardous elements. A complex para-
genetic sequence can be established for the various sulfide phases. The sulfide and
sulfarsenide assemblages have been affected by various processes including diage-
netic-depositional conditions to later remobilization and=or deposition by low to
moderate temperature hydrothermal fluids. Fan (1983) described the sulfide min-
eralogy of a metal-rich black shale layer in Zhijin, Guizhou Province. Pyrite,
vaesite, gersdorffite, polydymite, and millerite were identified as well as the late-
stage association of polydymite and millerite. Jordisite was described as a colloidal
aggregate but recent detailed work by Kao et al. (2001) has shown that this phase,
MoSC, is a mixed-layer mineral distinct from jordisite. Vaesite occurs as micro-
spheroids in ores and as coatings around spheroids of organic matter (Fan, 1983).
Pyrite: Early formed pyrite framboids and small euhedral to subhedral pyrite
are locally very abundant, either isolated in the matrix (Figs. 3A, C, 4B, 5C) or in
nodular layers. The framboids display a typical cluster morphology that is made up
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of micrometer-sized pyrite crystals (Fig. 3C). Also later deposition and recrystalli-
zation of the framboids to pyrite (Fig. 3B) prior to reactions and=or As-bearing
solutions is observed (Fig. 3B, C). Pyrite is also found in large millimeter-sized
masses that formed subsequent to some of the major sulfidic and phosphatic nodu-
lar structures (Fig. 4A). In some samples, there is evidence of infilling by pyrite
related to a remobilization of phosphate but before infiltration by Ni and=or As-
bearing solutions (Fig. 5C). The last pyrite deposition is observed to have occurred
with the deposition of millerite and gersdorffite (Fig. 5C).
Pyrite, in samples HGX1–3, and in some parts of the other samples, has been
oxidized to jarosite (K2Fe6
3þ(SO4)4(OH)12) and=or a Fe-oxyhydroxide. Often we
observed small relics of pyrite in the cores of these crystals showing that the
alteration processes are often incomplete. In proximity to these altered pyrites,
sometimes inside them, barite is commonly observed suggesting that oxidizing
Fig. 3. (A) Back-scattered SEM image of sample HGX8 illustrating the relationships
among pyrite (py), millerite (ml), and polydymite (pm). White arrows point to early pyrite
that has been affected by later solutions resulting in gersdorffite deposition, whereas the
framboid (F) has not been affected by these Ni and=or As-bearing solutions. White arrow
B points to a grain which is shown in B. White arrow X indicates a framboid similar to
grain B. (B) Back-scattered SEM image showing overgrowth of gersdorffite (gf) on a pyrite
framboid (py) which had previously recrystallized to late-stage pyrite. Two arrows indicate
other gersdorffite. (C) Back-scattered SEM image (sample HGX8) showing an early pyrite
framboid affected by a later overgrowth of Ni-rich sulfide (A) and As-bearing sulfide (B)
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Ba-rich solutions were involved in pyrite breakdown. Upon liberation of sulfur as
sulfate, barite precipitated.
Millerite: Millerite, the most abundant Ni sulfide, is a late-stage sulfide that is
observed as part of the assemblages millerite-polydymite-pyrite or millerite-gers-
dorffite-pyrite. Usually anhedral in shape, it typically is observed as vein fillings
(Fig. 5C) or as irregular masses (Figs. 3A, 5B). In some samples, millerite is
closely intermixed with pyrite (Fig. 5C) in a texture which suggests concurrent
precipitation.
Polydymite: Polydymite is a late-stage sulfide associated with the formation of
other Ni-bearing sulfides. It occurs in irregular masses (Fig. 3A) and is related in
paragenesis to the deposition of millerite and usually gersdorffite. In the samples,
polydymite is less abundant than millerite.
Gersdorffite: Gersdorffite is a late-stage sulfarsenide often associated with mil-
lerite and pyrite (Fig. 5B, C). In the observed assemblages, millerite-gersdorffite-
Fig. 4. (A) Back-scattered SEM image of typical Lower Cambrian stone coal (sample
HGX5) illustrating sulfide-rich (S) and phosphate-rich (P) algal features. The image is
oriented with compositional bedding structures right to left. Elliptical algal features,
now sulfide-rich, have been fractured by a later event. White arrow points to a large
irregular-shaped mass of pyrite. (B) Back-scattered SEM image of a portion of an algal,
sulfide layer in sample HGX5. The layer is bounded by dolomite (D). Euhedral to sub-
hedral pyrite (lower black arrow) occurs in the matrix dolomite. The upper black arrow
points to the area show in C. (C) Back-scattered SEM image showing a detail of the
sulfide-bearing algal layer. The structure consists of micrometer-sized spheres. (D) EDS
spectrum of the area shown in C. Major peaks are As (lower keV¼L lines, higher keV¼K
lines), S (K), Fe (K), and Ni (K). Some beta peaks are shown in italics and the peak
between O and As (L) is a composite of the Fe, Ni, and Cu (L) lines
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pyrite or polydymite-millerite-gersdorffite (pyrite), gersdorffite texturally appears
to be the last phase to precipitate. It is observed as small anhedral grains in the
matrix, along fractures, and as part of recrystallization of early-formed pyrite,
either framboids (Fig. 3A, B) or isolated crystals.
Other sulfides: Sphalerite is a common, but minor in volume, late-stage sulfide,
and is fairly easy to identify with electron beam techniques due to its cathodolu-
minescene and Zn content. It is observed overgrowing pyrite (Fig. 5A) or as small
subhedral to anhedral grains. Small, anhedral chalcopyrite crystals were observed
Fig. 5. (A) Back-scattered SEM image of sample HGX5 showing the relationship between
late-stage pyrite (py) and the later deposition of sphalerite (sp). Arrow indicates other
sphalerite. (B) Back-scattered SEM image of sample HGX5 illustrating the paragenetic
sequence among late-stage millerite (ml) and pyrite (py) followed by the deposition of
gersdorffite (black arrow). (C) Back-scattered SEM image of a portion of a sulfide-rich
layer in sample HGX5 illustrating the paragenetic sequence among sulfides and a later
phosphate. Early framboid pyrite is abundant. Fractures in the sulfide-rich layer have been
filled with apatite (A) and late-stage pyrite (py-a – left side of the image). These fillings
have been in turn fractured and partially filled by the assemblage millerite (ml), pyrite (py),
and gersdorffite (gf – right black arrow). Left black arrow indicates a cross-cutting rela-
tionship where apatite (A) cross cuts pyrite (py-a)
328 H. E. Belkin and K. Luo
T
ab
le
1
.
R
ep
re
se
n
ta
ti
ve
el
ec
tr
o
n
m
ic
ro
p
ro
b
e
a
n
a
ly
se
s
o
f
p
yr
it
e
S
am
p
le
H
G
X
1
.E
H
G
X
2
.H
H
G
X
2
.C
H
G
X
3
.D
.5
H
G
X
5
.U
.8
H
G
X
5
.M
.9
H
G
X
5
.C
H
G
X
5
.Q
H
G
X
8
.C
H
G
X
8
.D
2
H
G
X
8
.A
S
iz
e
2
0
mm
4
0
mm
2
5
mm
2
m
m
4
0
0
mm
6
0
0
mm
1
0
0
mm
1
0
0
mm
1
0
0
mm
2
0
0
mm
1
0
0
mm
n
1
4
1
1
1
1
3
3
2
1
1
w
t.
%
F
e
4
7
.2
7
4
6
.1
3
4
3
.5
9
4
7
.2
9
4
5
.6
3
4
5
.5
7
4
6
.3
4
4
6
.0
2
4
5
.3
5
4
6
.2
5
4
4
.9
4
M
n
d
l
d
l
0
.0
6
d
l
d
l
d
l
d
l
0
.0
4
d
l
d
l
d
l
N
i
0
.0
4
0
.5
2
0
.5
0
0
.4
0
1
.5
4
2
.0
0
1
.3
4
0
.0
5
0
.9
2
0
.8
7
1
.0
1
C
o
0
.0
2
0
.0
4
d
l
0
.0
3
0
.3
2
0
.1
2
0
.1
4
d
l
0
.4
3
0
.1
1
0
.0
2
C
u
d
l
d
l
1
.2
0
d
l
0
.0
3
d
l
d
l
0
.0
2
d
l
d
l
d
l
Z
n
d
l
d
l
d
l
0
.0
8
d
l
d
l
0
.0
3
0
.0
6
d
l
d
l
d
l
A
s
d
l
0
.2
3
0
.4
2
0
.0
2
1
.7
1
1
.1
6
0
.9
5
1
.3
1
1
.1
5
0
.6
0
0
.2
7
S
e
0
.2
3
0
.0
7
0
.5
0
0
.0
6
0
.0
4
0
.0
4
0
.0
4
0
.0
9
0
.0
1
0
.0
3
0
.2
9
S
5
2
.8
4
5
2
.6
4
5
0
.6
8
5
2
.3
6
5
1
.5
2
5
1
.8
5
5
2
.1
6
5
2
.3
8
5
2
.1
2
5
2
.4
8
5
4
.4
0
T
o
ta
l
1
0
0
.4
0
9
9
.6
2
9
6
.9
4
1
0
0
.2
4
1
0
0
.7
9
1
0
0
.7
4
1
0
0
.9
9
9
9
.9
7
9
9
.9
7
1
0
0
.3
5
1
0
0
.9
2
A
t.
%
F
e
3
3
.8
8
3
3
3
.2
9
9
3
2
.5
1
6
3
4
.0
1
9
3
2
.9
5
7
3
2
.8
3
6
3
3
.2
6
2
3
3
.2
4
4
3
2
.7
9
8
3
3
.2
7
1
3
1
.8
6
0
M
n
–
–
0
.0
4
2
–
–
–
–
0
.0
3
1
–
–
–
N
i
0
.0
2
7
0
.3
5
6
0
.3
5
4
0
.2
7
5
1
.0
6
1
1
.3
7
4
0
.9
1
6
0
.0
3
7
0
.6
3
6
0
.5
9
6
0
.6
7
9
C
o
0
.0
1
4
0
.0
2
7
–
0
.0
2
0
0
.2
1
9
0
.0
8
2
0
.0
9
5
–
0
.2
9
1
0
.0
7
5
0
.0
1
3
C
u
–
–
0
.7
8
6
–
0
.0
1
7
–
–
0
.0
1
4
–
–
–
Z
n
–
–
–
0
.0
5
0
–
–
0
.0
1
3
0
.0
3
5
–
–
–
A
s
–
0
.1
2
2
0
.2
3
2
0
.0
1
0
0
.9
2
1
0
.6
2
3
0
.5
0
6
0
.7
0
4
0
.6
1
7
0
.3
2
2
0
.1
4
1
S
e
0
.1
1
6
0
.0
3
8
0
.2
6
3
0
.0
3
0
0
.0
2
0
0
.0
2
1
0
.0
1
9
0
.0
4
5
0
.0
0
7
0
.0
1
7
0
.1
4
3
S
6
5
.9
6
0
6
6
.1
5
8
6
5
.8
0
6
6
5
.5
9
6
6
4
.8
0
4
6
5
.0
6
4
6
5
.1
8
8
6
5
.8
9
0
6
5
.6
5
0
6
5
.7
1
9
6
7
.1
6
4
n
N
u
m
b
er
o
f
p
o
in
ts
av
er
ag
ed
;
d
l
v
al
u
e
b
el
o
w
d
et
ec
ti
o
n
li
m
it
as
g
iv
en
in
te
x
t
H
G
X
1
.E
eu
h
ed
ra
l,
H
G
X
2
.H
su
b
h
ed
ra
l,
H
G
X
2
.C
su
b
h
ed
ra
l,
H
G
X
3
.D
.5
la
rg
e
m
m
ir
re
g
u
la
r
m
as
s
w
it
h
b
ar
it
e
H
G
X
5
.U
.8
ir
re
g
u
la
r
m
as
s
w
it
h
m
il
le
ri
te
,
H
G
X
5
.M
.9
ir
re
g
u
la
r
m
as
s,
H
G
X
5
.C
in
te
rg
ro
w
n
w
it
h
m
il
le
ri
te
H
G
X
5
.Q
su
b
h
ed
ra
l,
H
G
X
8
.C
su
b
h
ed
ra
l
w
it
h
m
il
le
ri
te
an
d
g
er
sd
o
rf
fi
te
,
H
G
X
8
.D
2
ir
re
g
u
la
r
m
as
s,
H
G
X
8
.A
v
ei
n
Late-stage sulfides and sulfarsenides 329
as a late-stage precipitate overgrowing pyrite or as isolated crystals. Small but
numerous crystals (generally less than 10 mm) of PbS (galena), and PbSe (claustha-
lite) were also identified by SEM-EDS or qualitative wavelength dispersive spec-
trometry (WDS). A mercury selenide, tentatively identified as tiemannite, has been
reported in similar Chinese rocks by Grauch et al. (1991).
In the main ore layer samples, we observed elliptical, nodular structures mostly
composed of sulfide or phosphate (Fig. 4A). These structures are complex and vary
with regard to the fine details of structure. A common feature of these structures are
layers (Fig. 4B) of spherical clusters of small, sub-micrometer grains (Fig. 4C) as
pseudomorphs after algae. The grain size is too small (polish too poor) for a
rigorous EMPA determination, but SEM-EDS analysis of many areas reveals a
similar composition of Ni, As, Fe sulfide with minor quartz and clay (Fig. 4D).
Very minor subtleties of back-scattered intensities and SEM-EDS analysis suggests
that the composition is not uniform, some volumes being richer in As than others.
Non-sulfide mineralogy
A list of the non-sulfide minerals as determined by detailed examination by SEM-
EDS is provided to add to the mineralogical context of the sulfides and sulfarse-
nides: Sample HGX-1: clay minerals, barite, jarosite, iron oxide, monazite, TiO2,
quartz; Sample HGX-2: jarosite, barite, iron oxide, xenotime, potassium feldspar,
Table 2. Representative electron microprobe analyses of millerite and polydymite
Phase ml ml ml pm pm pm
Sample HGX5.A HGX5.G HGX8.D HGX8.A HGX8.C HGX8.F
Size 60mm 500mm 600mm 1 mm 300mm 40mm
n 3 3 1 3 2 3
wt.%
Ni 63.68 63.77 62.22 55.38 55.57 56.11
Fe 0.77 0.61 2.86 0.56 0.98 0.94
Mn 0.01 dl dl dl dl dl
Cu 0.02 0.06 0.07 0.33 0.19 0.16
As dl dl dl dl dl dl
Se 0.65 0.60 0.47 0.13 0.53 0.50
S 34.54 34.33 33.68 41.35 41.00 40.63
Total 99.67 99.37 99.30 97.75 98.27 98.33
At.%
Ni 49.665 49.927 48.886 41.942 42.033 42.520
Fe 0.634 0.501 2.361 0.449 0.781 0.745
Mn 0.006 – – – – –
Cu 0.017 0.041 0.052 0.229 0.131 0.115
As – – – – – –
Se 0.379 0.349 0.274 0.071 0.301 0.280
S 49.300 49.181 48.426 57.308 56.755 56.341
n Number of points averaged; dl value below detection limit as given in text; ml millerite;
pm polydymite
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TiO2; Sample HGX-3: xenotime, iron oxide, apatite, quartz, barite; Sample HGX-
4: quartz, TiO2, clay minerals barite; Sample HGX-5: dolomite, apatite, uranium
phosphate=silicate hydrous? (electron beam sensitive); Sample HGX-8: barite,
quartz; and Sample 34: aluminum phosphate (electron beam sensitive), illite-mica,
apatite, quartz, iron oxide, zircon, iron phosphate=sulfate (this sample is from a
phosphatic layer and the thin section did not contain any sulfides).
Sulfide and sulfarsenide chemistry
After a detailed examination by SEM-EDS, sulfide phases were selected for EMPA.
Some samples were only partially suitable for EMPA due to their poor surface polish
and fracturing. Nevertheless, we obtained enough high quality determinations to
adequately characterize the major phases. All sulfides were analyzed for As, Cd,
Co, Cu, Fe, Hg, Mn, Mo, Ni, Pb, S, Sb, Se, V, and Zn; however, Hg, Mo, V and Pb
(except as PbS and PbSe) were not found in concentrations above their respective
detection limits. EMPA results for 180 analyses (all phases) are summarized below.
Fan (1983) gives limited EMPA data for selected minerals; we know of no detailed
EMPA analyses of sulfides or sulfarsenides from the Huangjiawan mine.
Pyrite: As, Co, Cu, Ni, Se, and Zn were found as minor constituents. Ni varied
from below the detection limit (dl) to 2.44 wt.%, Co varied from dl to 0.52 wt.%,
Cu varied from dl to 1.35 wt.%, Zn varied from dl to 0.10 wt.%, As varied from dl
Table 3. Representative electron microprobe analyses of gersdorffite
Sample HGX5.Ja HGX5.Jb HGX5.O HGX5.P HGX8.B
Size 40mm 40mm 10mm 20mm 15mm
n 1 1 2 3 1
wt.%
Ni 32.80 34.46 34.12 33.81 32.85
Fe 2.74 0.89 0.98 0.35 1.65
Mn 0.01 0.02 0.01 0.02 dl
Cu 0.07 0.09 0.03 0.03 0.03
Co dl dl 0.05 0.01 dl
As 44.36 44.91 45.77 45.29 45.49
Se dl dl dl dl dl
S 19.96 18.81 19.51 19.32 20.70
Total 99.94 99.18 100.46 98.83 100.72
At.%
Ni 30.647 32.789 31.947 32.174 30.380
Fe 2.690 0.889 0.960 0.348 1.603
Mn 0.009 0.018 0.014 0.016 –
Cu 0.059 0.080 0.022 0.028 0.028
Co – – 0.048 0.009 –
As 32.467 33.472 33.575 33.769 32.955
Se – – – – –
S 34.128 32.751 33.434 33.656 35.033
n Number of points averaged; dl value below detection limit as given in text
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to 1.71 wt.% and Se varied from dl to 0.58 wt.%. Cd, Hg, Pb, Sb, and V were below
dl. The pyrites are stoichiometric when adding Fe, Ni, Co, Cu, and Zn as cations
and As, Se, and S as anions. Table 1 presents a representative set of EMPA analyses
of pyrites from most samples and from a variety of habits and parageneses.
Millerite: Fe, Mn, Cu, and Se were found as minor elements. Fe varied from
0.26 to 2.86 wt.% with most values below 0.70 wt.%; Mn was rarely found above
the dl of 0.01 wt.%; Cu content was very low and averaged about 0.05 wt.%; and Se
varied in a narrow range from 0.47 to 0.68 wt.%. The millerite composition is
essentially stoichiometric NiS. Representative EMPA analyses of millerite are giv-
en in Table 2.
Polydymite: Polydymite, NiNi2S4, was observed in only one sample, where it is
associated with millerite and gersdorffite. We noted somewhat low totals which
may be from poor polish or from a minor element which was not measured, such as
In or Cr. Fe, Se, and Cu where found as minor elements. Fe varied from 0.50 to
1.22 wt.%; Se varied from 0.09 to 0.58 wt.%; and Cu varied from 0.15 to
0.49 wt.%. Table 2 gives three representative EMPA analyses.
Gersdorffite: Although gersdorffite is nominally NiAsS, it occurs in a small
range of compositions by varying proportions of As and S (Yund, 1962). Minor
elements were found but only Fe was present in significant amounts. Fe varied
Table 4. Representative electron microprobe analyses of sphalerite
Sample HGX5.E HGX5.L HGX5.R HGX3.D
Size 50mm 10mm 20mm 10mm
n 1 1 2 1
wt.%
Zn 64.48 65.01 64.15 60.46
Fe 1.18 1.92 1.20 5.69
Mn 0.01 dl 0.01 0.01
Ni 0.36 0.05 0.43 0.03
Cu 0.56 0.04 0.62 dl
Cd 0.47 0.63 0.54 1.17
Se 0.02 0.04 0.08 0.13
S 32.51 32.87 33.32 33.63
Total 99.58 100.55 100.34 101.12
At.%
Zn 48.329 48.237 47.522 44.283
Fe 1.036 1.668 1.041 4.879
Mn 0.004 – 0.004 0.010
Ni 0.302 0.038 0.353 0.025
Cu 0.430 0.032 0.471 –
Cd 0.204 0.272 0.234 0.499
Se 0.011 0.023 0.046 0.081
S 49.684 49.730 50.328 50.224
Mole%
FeS 2.1 3.3 2.1 9.8
n Number of points averaged; dl value below detection limit as given in text
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from 0.20 to 2.74 wt.%; Mn occurs in low concentrations just above or at the
detection limit of 0.01 wt.%; Cu varied from detection limit to 0.10 wt.%, Co
varied from detection limit to 0.12 wt.%, and Se was noted in only a few samples
up to 0.42 wt.%, but most were below the detection limit. Table 3 lists representa-
tive analyses of gersdorffite.
Sphalerite: Sphalerite was observed in most samples as small crystals with a
variety of habits and associations. The composition is very uniform with Fe varying
from 0.5 to 6 wt.%, with most Fe concentrations less than 1.5 wt.%. Mole percent
FeS varied from 1 to 10. Cd varied from 0.44 to 1.17 wt.%; Cu varied from detec-
tion limit to 0.96 wt.%; Mn varied from detection limit to just above at 0.02 wt.%;
Ni varied from detection limit to 0.43 wt.%; and Se varied from detection limit to
0.09 wt.%. Representative analyses of sphalerite are given in Table 4.
Other sulfides: EMPA results on chalcopyrite (CuFeS2) showed that it is close
to stoichiometric. Standardless semi-quantitative analyses (EDS and WDS) on
small crystals of galena and clausthalite indicate they are stoichiometric within
the limits of the analyses.
Discussion
Minor element variation in pyrite
Pyrite is the major sulfide in all the samples and occurs in a wide range of habits
and paragenetic arrangements. Various minor elements were measured in pyrite
(Table 1) and their relative abundances can be used to understand the various
generations of pyrite formation. In this study, we have considered the variation
of Co, Se, Ni, and As. In the pyrite structure, Co and Ni substitute for Fe and As
and Se proxy for sulfur. Figures 6 and 7 show the variations among these elements
Fig. 6. (A) Co-variation of As and Ni in pyrite measured with EMPA. Field H are those
pyrites texturally associated with Ni sulfides whereas field L pyrites are textually late-stage
with no obvious relationship to Ni sulfides. (B) Co-variation of As and Se in pyrite
measured with EMPA. Field G distinguishes pyrite in samples with gersdorffite
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in the samples studied. Different compositional groups of pyrite can be distin-
guished. Figure 6A shows the variation of As as a function of Ni content. In the
two samples where we observed gersdorffite, As is present, usually in excess of
0.5 wt.% These pyrite samples are texturally late-stage and occur as veins or space
fillings. Two As-rich groupings are noted in Fig. 6A, H, a more Ni-rich group and
L, a Ni-poor group. Pyrites precipitated with millerite or polydymite are Ni-rich,
whereas those late-stage pyrites not associated texturally with Ni-bearing sulfides
are Ni-poor. Diagenetic and early pyrites have low to nil As contents and a range of
Ni contents from the detection limit to 0.5 wt.%. The variation of Se versus As is
shown in Fig. 6B. Most Se values are less than 0.2 wt.% except for a few measure-
ments from sample HGX2. In area G (Fig. 6B) plot pyrites associated with gers-
dorffite. Although, the As is enriched, the Se content is not, suggesting that Se was
not a significant constituent in pyrite involved in later-stage sulfide formation.
Selenium is however, enriched, up to 0.69 wt.%, in millerite suggesting that during
the formation of the assemblage pyrite-nickel sulfide, Se preferentially partitions
into nickel sulfides.
Figure 7A and B show the variations among Co, Ni, and Se in pyrites. Most
Co and Ni contents are less than 0.1 and 0.5 wt.%, respectively, except those two
samples where Ni sulfides are abundant. Figure 7B shows two distinct groups of
samples with respect to their variation in Co and Se contents. Only pyrites related
to late-stage deposition of Ni sulfides (HGX5 and HGX8) have Co contents in
excess of 0.1 wt.% indicating that Co was an enriched component in fluids forming
Ni sulfides.
Ni-As-S phase relations
The two main ore zone samples, HGX5 and HGX8, contain significant Ni sulfides
and the sulfarsenide gersdorffite. Figure 8A shows the system Ni-As-S with binary
Fig. 7. (A) Co-variation of Co and Ni in pyrite measured with EMPA. (B) Co-variation of
Co and Se in pyrite measured with EMPA
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Ni-As and Ni-S phases and the compositional position of the only ternary phase,
gersdorffite (Yund, 1962). Gersdorffite varies in composition by As-S difference and
the heavy line in Fig. 8A shows this range according to Yund (1962). Figure 8A
shows the EMPA data from this study plotted in this ternary diagram. Millerite and
polydymite are essentially stoichiometric and gersdorffite does not show very much
variation in As nor S; the major variation is the amount of Fe. Tie lines (Fig. 8B) can
be drawn designating two assemblages, gersdorffite-millerite-polydymite and miller-
ite-gersdorffite; both appear to be in equilibrium with late-stage pyrite.
Sulfide-sulfarsenide paragenetic sequence
Detailed examination of the polished sections by SEM-EDS coupled with EMPA
has allowed the construction of a tentative paragenetic sequence for the sulfide
Fig. 8. (A) Compositional relations
of minerals of the Ni-As-S (wt.%)
system (modified from Yund, 1962).
The possible binary phases and one
ternary phase are shown. The com-
positional variation of the ternary
phase, gersdorffite, is shown with
a heavy line. The EMPA data for
millerite, polydymite, and gersdorf-
fite obtained in the present study are
plotted and are indicated by black
arrows. (B) This diagram is a por-
tion of the upper one (A) and illus-
trates, with dashed tie lines, the
two observed assemblages. (C) Solvi
in the condensed NiAsS-CoAsS-
FeAsS system at 300 to 650 C
(after Klemm, 1965). All of the
gersdorffite analyses (open circles
near the NiAsS corner) from the
present study fall below the 300 C
immiscibility region. n Number of
data points
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phases excluding the sulfidic nodules. Although our sample selection is limited, we
can use the textural and mineralogical relations to construct a tentative history of
sulfide mineralization. Anaerobic and=or euxinic basins provide redox conditions
that preserve accumulations of organic matter. Phosphatic nodules and layers of
various algal structures are typically described in the Lower Cambrian of the South
China Block. The ‘algal’ structures became mineralized and lithified and reflect
fracturing and partial disaggregation (Fig. 4A). The structures preserve spherical
shapes (Fig. 4C) but are now mineralized to Ni-As-S species (Fig. 4D). After the
fracturing of the sulfidic and phosphatic nodules, we observe at least two episodes
of infiltration of sulfide-forming fluids. An earlier precipitation of pyrite and other
base-metal sulfides (Fig. 5A), affected diagenetic framboids and filling of fractures
(Fig. 5C) is also observed. Subsequent to this event, we recognize deposition of Fe-
Ni-As-S phases (Figs. 3B, C and 5B, C).
Mao et al. (2002) discuss various lines of evidence and suggest only a single-
stage synsedimentary scenario that involves extreme seawater scavenging for the
development of these Chinese black shale deposits. Coveney (2003) points out
compelling evidence for some type of basinal=hydrothermal fluid involvement with
the petrogenesis but also indicates its complexity. Our study, albeit limited, support
stages of fluids interacting with and depositing various sulfide assemblages.
Although, we have no direct data on the relative time intervals between the various
sulfide depositional features described above, there must have been ‘‘sufficient’’
time for the lithification (recrystallization) and fracturing of the sulfide-rich nodules
and phosphatic layers (as an intraformational conglomerate; Murowchick et al.,
1994) before formation of various cross-cutting sulfides. On the basis of minor
element distribution in pyrite, and petrographic relations, the last sulfide-forming
solutions observed in the studied samples were enriched in Ni, Co, As. This is
compatible with the observation of Coveney et al. (1991) who reported that pyrite
nodules from the Zunyi location, Guizhou, contain rims richer in Ni, As, and Se
than the cores.
What is particularly significant is the lack, (i.e., below detection limits using
EMPA) of Mo and V in the late-stage sulfide assemblage that we examined.
Although, our sample selection is limited, this suggests that the late-stage solutions
either did not carry any Mo nor V from the source area and=or the solutions pass-
ing through early Mo- and V-bearing sulfides did not react and dissolve appreciable
material. Nickel mineralization has been observed in both early (e.g., Coveney
et al., 1991) and late-stage sulfides (this study).
Temperature of late-stage sulfide-sulfarsenide formation
Lott et al. (1999), using fluid inclusions hosted by quartz and fluorite veinlets in
similar Ni-Mo ores from Guizhou Province, suggested that metal deposition took
place in several stages in the temperature range between 65 and 187 C. Fluid
inclusion data from samples below the ores yield higher temperatures of up to
266 C. Experimental studies (Klemm, 1965) in the system Fe-Co-Ni-As-S have
led to the identification of the position of the solvus as a function of temperature.
Figure 8C shows that all gersdorffite compositional data from the present study fall
below the 300 C immiscibility curve. Polydymite is stable below 356 C (Kullerud
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and Yund, 1962; Craig and Scott, 1974) and Kullerud and Yund (1962) determined
that the assemblage, polydymiteþmillerite, is stable at 282 5 C.
On the basis of these data, we suggest that the last stages of sulfide and sul-
farsenide mineralization we observed in the studied samples formed at tempera-
tures in the range of 200–300 C.
Mode of occurrence of hazardous elements
Hazardous elements are those elements where exposure to higher than average
natural levels will cause deleterious human health effects. As, Cd, Co, Cu, Hg,
Mn, Mo, Ni, Pb, Sb, Se, V, and Zn were examined in this study of sulfides . Of those
considered, Cu, Co, Mn, Mo, Se, and Zn are micronutrients and low levels (usually
in the microgram range) are necessary for optimal human health but high levels or
deficiencies can cause significant harmful effects. Hg, Mo, Sb, and V were not
found in concentrations above their respective detection limits in the studied
phases. Arsenic is a main constituent in gersdorffite and a minor element in pyrite
(Table 1). In view of the relative scarcity (in the studied samples) of gersdorffite,
pyrite probably contributes more As to the environment than any other sulfide. Low
levels of Mn where recorded in all the measured sulfides. Co was detected in pyrite
and gersdorffite at approximately the same abundance levels, usually less than
0.5 wt.%. Pyrite is the main source of Co in the sulfides. Cu was found as a major
component in uncommon chalcopyrite, but a minor component in all measured
sulfides. Zn is a major component of sphalerite and was an occasional minor
element in pyrite. Cd is hosted by sphalerite where it was consistently observed
as a minor component although some of Cd values exceed 1 wt.%. Se is a major
component of clausthalite, and was also measured as a minor component in the
other sulfides especially the nickel sulfides. Pb was observed in galena and
clausthalite, but was not detected in the other sulfides at levels above the detection
limit. Ni is a major component of millerite, polydymite, and gersdorffite and was
also detected in the other sulfides, especially pyrite.
In view of the abundance of some significant ecotoxic elements, especially As
and Cd, further detailed studies on element speciation and bioavailability in soils
derived from black shales would be valuable to asses the degree of risk to human
and animal health.
Conclusions
Detailed SEM-EDS and EMPA studies on samples from the Huangjiawan mine,
Guizhou Province, People’s Republic of China, reveal a complex and diverse as-
semblage of sulfides and sulfarsenides. Samples from the main ore layer and those
stratigraphically below, contain gersdorffite, millerite, polydymite, pyrite, sphaler-
ite, chalcopyrite, and rare galena and clausthalite. Chemistry and textural relation-
ships show that after an initial formation of sulfidic and phosphatic nodules
forming an intraformational conglomerate, at least two episodes of sulfide deposi-
tion occurred. The later stage of sulfide-sulfarsenide deposition was Ni-As-Co-
rich. Late-stage pyrites are Se-poor but coeval nickel sulfides contain up to 0.69
wt.% Se. The presence and composition of the assemblages gersdorffite-millerite-
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polydymite (pyrite) and millerite-gersdorffite (pyrite) indicate a formation tem-
perature of between 200 and 300C suggesting that the last Ni-As (Fe)-bearing
solutions to infiltrate and mineralize the samples were related to hydrothermal solu-
tions. Mo and V deposition appears to be early in these rocks and they were not
subsequently remobilized; Ni occurs in both early- and late-stage deposition. The
mode of occurrence of most environmentally sensitive trace elements are in late-
stage sulfides and sulfarsenides and suggests that weathering under oxidizing soil-
forming conditions will tend to form, higher valence, more bioavailable species.
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